Dawsonite, which frequently plays an important role in geochemical modelling of CO 2 storage complex, is a rare mineral in the nature. This study reports mode of occurrences of natural dawsonite recently re-discovered in a classical locality of Japan (the Izumi Group, SW Japan), in comparison with our geochemical modelling of CO 2 storage in sedimentary strata. The simulation has shown that dawsonite is only stable in the early stage of the evolution of CO 2 storage complex even though an extensive precipitation of this mineral in the CO 2 -affected part within. Natural dawsonite forms mineral veins in a compact mudstone layer, and is also found to be a product of early stage of carbonate veining. The observation is concordant with the simulation result suggesting a temporal limit on the stability of dawsonite in the evolution of storage fluid with time. It is also probable that the precipitation occurred associated with the formation of fractures in mudstone to self-seal them effectively. The relation can be a support to assure the storage security, showing how a cap rock mudstone respond to pressurized CO 2 which could be expected as "pressure build up" during the injection phase, and how a cap rock mudstone confine CO 2 through selfsealing by mineral precipitation. The presence of self-sealed veins composed of carbonate(s) only stable in the early stage of the CO 2 plume evolution may imply that some of the geochemical trapping mechanisms could be operative in the early stage of the CO 2 trapping, a scenario a little bit different from that shown by the famous figure ( i.e., Fig.  5 .9) in the IPCC Special Report.
Introduction
The deployment of "Carbon dioxide Capture and Storage" (or, "CCS" ) technology, is going to be accelerated for a vital measure of CO 2 emission reduction, taking a geological formation as a place of storage. The CO 2 into depleted oil and gas fields are in progress in a commercial scale (e.g, Weyburn-Midale Field, Canada ), and a measure of large-scale saline aquifer storage is in a way of rapid development following after the bright success of Sleipner case, central North Sea. In saline aquifer storage, the physical properties of a cap rock layer above the reservoir and the roles of so-called geochemical trapping ( [1] , [2] ) become important relative to the other trapping mechanisms for the establishment of storage security. The properties and roles must be intensively investigated to assure the reliability of saline aquifer CO 2 storage. This is particularly important to Japan and many other countries having only a small storage capacity to structured aquifer and depleted oil/gas fields [3] .
The geochemical trapping includes a series of processes beginning with the dissolution of injected CO 2 into the formation water, followed by its dissociation to form CO 2 -related ionic species, the reactions between the acidified formation water and rocks of the storage complex, to the final goal of new carbonate(s) precipitation. The essence of this trapping mechanism is the neutralization of CO 2 by reactions with rocks showing broadly alkaline properties, in the presence of water in deep underground [4] . Although geochemical trapping is broadly considered to be effective in a long period after the end of injection [2] , chemical changes of formation water in the reservoir are reported from actual demonstrations (e.g., [5] ). This suggests a possibility that the geochemical trapping is operative even in the early stage of the CO 2 injection and storage.
We are studying natural carbonates occurring in the Cretaceous Izumi Group in the South of Osaka Prefecture, SW Japan. Carbonate minerals there contain dawsonite which is frequently considered to be important in mineral trapping of CO 2 [6] , [7] . By comparing the natural carbonates with the results of geochemical simulation on a CO 2 storage complex, we presently concluded that the role of dawsonite is very limited as a finally stable carbonate in an evolved CO 2 reservoir. Our study, however, also suggests its possible role such as a fracture sealing mineral in a relatively early stage of the reservoir evolution.
Geochemical simulation of storage complex in saline aquifer storage: the Tokyo Bay model (1) Model setup
Although dawsonite is a rather rare mineral in the nature, geochemical simulations frequently predict its importance in CO 2 mineral trapping. We investigated the formation and stability of dawsonite in a part of desk-top CO 2 storage study, taking underground geology of the Tokyo Bay area to set hypothetical storage complex. The area is the most important in CO 2 emissions in Japan. The storage complex, or the combination of reservoir aquifer and cap rock layer, of our study was set in the Quaternary Kazusa Group. The Kazusa Group comprises alternating beds of sandstone and mudstone [4] , [8] . [9] for the detail of the model setup.
The model system and parameters for the simulation are summarized in Fig. 1 . The annual injection rate of supercritical CO 2 was set to be 250,000 t/yr, which was equivalent to 500,000t/yr considering the model symmetry.
The changes of supercritical CO 2 saturation, fluid chemistry and mineralogies were calculated using TOUGHREACT simulator [10] during the 50-year's injection period and a period of 10,000 years followed after the end of injection. Chemistries of formation water were selected from our geochemical database. Rock chemistry and mineralogy of the initial phases were determined from chemical analyses, optical petrology and XRD studies of Kazusa Group sediments. The initial phases in the Kazusa Group sandstones are characterized by abundant calcic plagioclase and the presence of a small amount of calcite as microfossils. The product phases were also determined from phase equilibrium calculations among initial phases, CO 2 and model formation water. Thus, the TOUGHREACT calculation treats phases containing Al-clays and various carbonates including dawsonite, in addition to initial silicate phases (see [9] for the detail of the model set up).
(2) Behavior of dawsonite in numerical simulation
The TOUGHREACT simulation has shown a rapid vertical growth of CO 2 plume during the injection period, followed by a lateral extension during several hundreds of years after the end of injection ( Fig. 2 ; also see [4] , [9] ). Over 1,000 years after the end of injection, the CO 2 plume gradually decays through the dissolution of CO 2 in the formation water. The calculation has also shown that dawsonite precipitation begins in the very early stage of the plume development. The mineral continuously precipitates within the CO 2 -affected part of the reservoir complex until about 1,000 years from the end of injection ( Fig. 2 ). There is a clear trade-off relation between the dawsonite precipitation and the dissolution of plagioclase. This indicates that the dissolution of plagioclase supplies Al necessary to form dawsonite.
The dawsonite stability distinctly changes after ca. 1,000 years. The mineral begins to disappear from the CO 2 plume besides the continuing dissolution of plagioclase. In the end of simulation period (10,000 years from the end of injection), dawsonite distribution is only limited near the both sides of reservoir-cap rock boundary where supercritical CO 2 still remains in high concentrations (Fig. 2) . The CO 2 -affected part of the reservoir complex suffers a massive precipitation of calcite: the proportion of calcite exceeds 80% of the total carbonates produced by the CO 2 metasomatism due to geological storage [4] , [9] .
The overall results of simulation are interpreted that decrease of partial CO 2 pressure in the main CO 2 plume, with a rise in pH of the formation water there, destabilizes dawsonite relative to Al clays [9] . This means that dawsonite is unstable in the evolved CO 2 reservoir in which neutralization of acidified formation water occurs extensively. Thus, the contribution of this mineral to the final mineral trapping is probably very limited. and Todaka et al. [9] for the detail of the simulation results.
Natural dawsonite in the Izumi Group as a trace of CO 2 migration and in-situ mineralization
(1) Natural dawsonite as a product of CO 2 -metasomatism On the basis of geochemical simulation summarized above, it is possible that dawsonite stability is also limited in natural CO 2 metasomatism with evolution of metasomatic fluid similar to that in a geological CO 2 reservoir. The mineral is relatively rare in the nature, with only about 20 localities having detailed scientific descriptions. The mineral is mostly formed by strong CO 2 -metasomatism at low temperatures. Metasomatic dawsonite frequently occurs filling fractures in various types of host rocks (e.g., [11] , [12] ). Disseminated dawsonite is also reported as authigenic cement minerals in sedimentary rocks (e.g., [13] ) . In all of the localities, dawsonite tends to be partially decomposed into, or replaced by later calcite, Al hydroxides (gibbsite or nordstrandite) and kaolinite irrespective of the occurrence as fracture-filling or cement mineral in porous sandstone. The mode of occurrences probably supports the prediction based on the CO 2 reservoir simulation: the presence of dawsonite can be a trace of the migration of CO 2 -dominated fluid having similar geochemical properties to CO 2 reservoir fluid. It is also possible that the fluid has experienced geochemical evolution through the interactions with silicate rocks in the natural reservoir.
(2) Dawsonite and associated carbonates in the Izumi Group, Japan
Dawsonite recently re-discovered from Cretaceous Izumi Group, SW Japan, is quite interesting in discussing its stability and fluid-rock interactions in comparison with the predicted changes in a CO 2 reservoir through geochemical simulation. The Izumi Group comprises alternating beds of sandstone and mudstone, which can be a consolidated analogue of young Kazusa Group that has modeled in our desk-top study of CO 2 storage. The Izumi Group is a classical locality of dawsonite in Japan firstly described by Aikawa et al. [14] .
In the new outcrops we are studying, dawsonite occurs as white-colored, randomly oriented thin veins in darkcolored, compact mudstone (Fig. 3) . The veins are filled with clusters of radiating "dawsonite" needles. The "dawsonite" veins are frequently cut by later calcite-dominated veins that are running in high angles to the bedding of the mudstone layer. Composite veins, composed of "dawsonite" fringes along mudstone walls and calcitedominated central part, are also commonly observed (Fig. 3) , along with mono-phase calcite veins. The widths of "dawsonite " veins are highly variable having cavities more than 1cm width in many places. We can see aragonite crystals of visible size in the cavities, intimately associated with thin columnar dawsonite (Fig. 3) . The carbonate veins, namely, the dawsonite-aragonite veins, calcite-dominant veins and mono-phase calcite veins, are in a clear-cut relation with the host mudstone. Disseminated carbonates are very limited in the host mudstone. This indicates that the CO 2 -rich fluid responsible for the carbonate precipitation did not permeate and deeply diffuse into mudstone to cause extensive in situ reactions. The carbonates were probably precipitated from the fluid that has been passing through the fracture. Fluid itself had evolved through the interaction with the reservoir rocks situated in the deeper level than the level of formation of the carbonate veins. Note that the observed order of carbonate formation, namely, the initial dawsonite (and aragonite) precipitation followed by the calcite precipitation, is generally concordant with the predicted one in the geochemical simulation of the CO 2 reservoir. Fig. 4 shows the distribution of dawsonite localities in our study area. The figure clearly shows that "dawsonite" veins are restricted within the mudstone layer called "Azenotani mudstone formation" that comprises the Northern marginal facies of the Izumi Group [15] (Ichihara et al., 1986) . The Izumi Group forms a regional syncline of which the southern flank is truncated by the Median Tectonic Line. The Azenotani mudstone formation belongs to the albite zone which is the highest grade zone of zeolitic diagenesis in the Izumi Group around our study area [14] . The zeolite zones develop in a discordant relation to the geologic structure of the Izumi Group, showing the ancient thermal structure after the establishment of synclinal structure. Aikawa et al. [14] concluded that the formation of carbonate veins postdated the zeolite diagenesis. Geochemical environments stabilize dawsonite and zeolites are incompatible with each other: the zeolite diagenesis would probably decomposes dawsonite (and many of the associated carbonates) if it occurred after the formation of carbonates.
(3) Spacial distribution of dawsonite and the possible timing of its formation
The limited distribution of "dawsonite" veins within the Azenotani mudstone formation must be important from a view point of physical sealing ability of mudstone cap rock in the CO 2 storage complex. The Izumi Group is composed of well consolidated sandstones and mudstones. Mudstones have generally low permeability (<0.1 mD) and porosity (<5%) (Sasaki, K., SANCOH Consultants Ltd., pers. Comm.). Although these properties are quite different from those we postulated in our geochemical simulation dealing with the young Kazusa Group, they are rather common ones for mudstone in cap rock layers reported from some other demonstration sites (e.g., [16] ). The limited occurrence of carbonate veins observed in the Izumi Group can be a natural support on the physical integrity of mudstone cap rock having similar properties, in the presence of pressurized CO 2 -dominated fluid.
Discussions and implications (1) Dawsonite as a transient-state precipitate
The geochemical simulation in our desk-top CO 2 storage has shown an intimate association of dawsonite with supercritical CO 2 . The mineral begins to precipitate within the growing plume in the initial ca. 100 years after the end of injection. Its precipitation continues for several hundreds of years, along with the dissolution of plagioclase to supply Al. However, dawsonite gradually disappears with the decay of CO 2 plume with time through the dissolution of CO 2 into formation water. Although the formation water filling the reservoir contains a large amount of CO 2related chemical species, the calculation concluded that they do not contribute further stability of dawsonite. The most of the CO 2 -affected part of the storage complex is finally occupied by calcite and Al-clays that are chemically equivalent to dawsonite + unstable plagioclase. The result of our simulation suggests a strong linkage of dawsonite and CO 2 (probably in supercritical state). Thus, as far as we rely on our geochemical modeling, the contribution of dawsonite to permanent mineral trapping would not be expected quantitatively. The simulation also predicted later (and overall) stability of calcite and some other Fe-bearing carbonate in the place of dawsonite. The order of formation of natural carbonate we found in the Izumi Group generally matches with the simulation results. Although there remain some differences between simulation and natural occurrences, they are interpreted to be due to the differences in situation. The simulation somewhat resembles to batch reaction experiments whereas natural carbonates are successively formed ones from fluids with limited chemical interactions between wall rocks.
Our simulation also suggests that the natural dawsonite can be a "trace" showing the presence of CO 2 in the past; the influx of CO 2 in the rocks was probably forcible associated with fracturing. Thus, the study of natural dawsonite, especially dawsonite-bearing veins, are important as natural analogue to understand processes of cap rock fracturing, fluid migration and self-sealing or remediation of CO 2 escaped from the storage complex underground. From this point of view, the dawsonite in the Izumi Group is quite interesting. The mineral is in an intimate association with aragonite, a thermodynamically metastable form of CaCO 3 at shallow crustal conditions. The precipitation of aragonite, however, is not so rare under distinct fluctuation of geochemical conditions, the example being fluid flushing in a geothermal plant (e.g., Yanagisawa, [17] ). The association of metastable CaCO 3 as well as its precipitation just after the opening of fractures can be the evidences that the precipitation of dawsonite is a transientstate phenomenon characterizing the early stage of geochemical evolution of CO 2 -dominated fluid in the natural silicate-rock reservoirs. A similar effect would be expected in the relatively early stage of CO 2 geological storage in which pressure buildup could occur around the injection region.
(2)Implications to storage security from a natural analogue study
The observed "dawsonite" veins as well as numerous calcite-dominated veins are the evidence of fracturing associated with forcible invasion of CO 2 -dominant fluid. This may imply that pathway(s) can be formed in the mudstone seal (s) due to pressure buildup associated with CO 2 injection. However, our observation on the Izumi Group has also shown that the fractures were sealed by the precipitation of carbonates. In our study field, the occurrence of carbonate veins is limited within a part of mudstone layer called "Azenotani mudstone formation". The observations possibly support the idea that CO 2 can be confined by the presence of even a single layer of mudstone having good physical properties.
The mode of occurrence of dawsonite indicates its precipitation followed after the fracturing, and limited reaction with the host mudstone. The observation suggests a relatively short time needed for the formation of carbonate veins: the geochemical conditions of their precipitation could be far away from the equilibrium. This may imply that some of the geochemical processes could occur in the early stage of the onset of CO 2 trapping. This is a little bit different scenario presented by the famous figure ( i.e., Fig. 5.9 ) in the IPCC Special Report [2] . The possibility should not be excluded that some of the geochemical trapping mechanisms operate effectively in the early stage of CO2 trapping. This is particularly important to saline aquifer CO 2 storage in which CO 2 confinement by geologic structure is not expected to be intensively operative.
(3) Further studies we need
Although our study shows a possibility of CO 2 confinement within the storage complex, there still remain some problems to verify the present findings. More constraints must be imposed on the time-scale of the formation of carbonate veins, notably the time required for the precipitation of dawsonite (and aragonite). The conditions to make fractures in compact mudstone of the Azenotani formation are also important to be clarified from its rock mechanical studies. From mineralogical and geological points of view, the geochemical characteristics of fluid, its origin, and the timing of its activity are also interesting. The last three points presently have subordinate importance to strengthen our confidence to the geological CO 2 storage (notably, the saline aquifer storage), however, they should not be forgotten because our knowledge on the various underground processes are still limited at present.
